A series of linear and macrocyclic pentapeptide derivatives have been prepared via the coupling of pyridine-2,6-dicarboxylic acid (1) or pyridine-2,6-dicarbonyl dichloride (2) with appropriate amino acid methyl esters. The coupling of 1 or 2 with aminoacid methyl esters gave the corresponding pyridine dipeptide methyl esters 3, which were hydrolyzed with sodium hydroxide to the corresponding acids 4. The latter compounds 4 were coupled with other amino acid methyl esters to afford the corresponding tetrapeptide esters 5, which were hydrolyzed with sodium hydroxide to the corresponding acids 6. Cyclization of tetrapeptide acids with L-lysine methyl ester or with aliphatic diamide derivatives afforded the corresponding cyclic pentapeptide methyl ester derivatives 7 and cyclic tetrapeptide diamines 8, respectively. Finally, hydrolysis with 1 N sodium hydroxide or hydrazinolysis with hydrazine hydrate of methyl esters 7 afforded the corresponding acids 9a -e and hydrazides 10a -e, respectively.
Introduction
Among the different areas of supramolecular and macrocyclic chemistry, the synthesis and complexing properties of azacrown compounds have been a subject of intensive exploration [1 -7] . Synthesis of chemical modifications of existing antibacterial agents in order to generate novel macromolecules with better therapeutic properties is necessary because of the emergence of multidrug-resistant bacteria [8] . Peptides rarely function well as drugs due to their low bioavailability and rapid degradation within cells [9] . The conversion of these active peptides into peptidomimetics has been a successful approach for making new biologically active compounds [10] . In addition, we reported on the synthesis of some macrocyclic candidates from dipicolinic acid with amino acids and the screening of their biological activity [11 -16] . On the other hand, the synthesis of chemosensors is an interesting approach providing accurate analytical tools in different analytical fields. In particular, 2,6-peptido-pyridines exhibited a general potential as ionophors [17] and were used for inventing novel thiocyanate-selective membrane sensors [18] . Recently, some new heterocyclic and peptide derivatives have been studied with respect to their anti-HIV [19] , anti-inflammatory [20] , anticoagulant [21] , analgesic and anticonvulsant [22] , anticancer [23] , and antimicrobial activities [24 -26] . In view of these observations and as continuation of our previous work [11 -26] in macrocyclic and heterocyclic chemistry, we have synthesized some new macrocyclic c 2012 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com pentapeptides containing amino acid and pyridine moieties.
The versatile biological activities of the synthesized diasteromeric compounds will be a subject of future reports. For attributing the biological activity exclusively to one active diaesteromer, a resolution of the mixtures into their individual components will then be mandatory. Alternatively, synthesis and comparative studies of all L-or all D-peptide candidates could equally be envisioned.
Results and Discussion
The synthesis of N α -dipicolinoyl-bis-(amino acid) methyl esters 3a -c was based on 2,6-pyridinedicarbonyl dichloride (2) , which was obtained by conversion of 2,6-pyridine-dicarboxylic acid (1) via the reaction with thionyl chloride [27] . This acid chloride was then coupled, at low temperature, with amino acid methyl esters in the presence of triethylamine as organic base. Bis-esters 3a -c were also prepared from 2,6-pyridinedicarboxylic acid (1) and amino acid esters in the presence ethyl chloroformate. Hydrolysis of the dipeptide methyl esters 3a -c with 1 N sodium hydroxide in methanol afforded the corresponding N α -dipicolinoyl-bis-amino acid derivatives 4a -c, respectively (Scheme 1). The IR spectra of 3a -c confirmed the presence of an aromatic ring, aliphatic hydrogens and an amide linkage in addition to the ester group. The amide linkage was confirmed by its three characteristic IR bands in the regions ν = 1680 -1625, 1548 -1517 and 1316 -1240 cm −1 (amide I, II and III, respectively). The presence of the ester group is supported by a band in the regions 1753 -1740 cm −1 ν (C=O), ester). In addition, an absorption band was observed at 3370 -3335 cm −1 , attributed to hydrogen bonded amide ν (NH). Also, the IR spectra of 4a -c showed the absence of ν (C=O, ester), and instead the presence of a band at 1738 -1726 cm −1 for ν (C=O, acid).
The synthesis of N α -dipicolinoyl-bis[tetrapeptide methyl ester] derivatives 5a -e was based on the dipeptide acids 4a -c. Their treatment with amino acid methyl ester hydrochlorides in the presence of ethyl chloroformate in dichloromethane afforded the corresponding N α -dipicolinoyl-bis[tetrapeptide methyl ester] derivatives 5a -e, which were hydrolyzed with methanolic sodium hydroxide to afford the corresponding N α -dipicolinoyl-bis[tetrapeptide] derivatives 6a -e (Scheme 2). The 1 H NMR spectra of 5 revealed the presence of a singlet (6H) at δ = 3.6 -3.7 ppm for the ester-CH 3 protons. The IR spectra of 6 showed the absence of ν (C=O, ester), and the presence of a band at 1738 -1726 cm −1 for ν (C=O, acid). Also, the 1 H NMR spectra revealed the disappearance of the singlet (6H) at δ = 3.6 -3.7 ppm for ester-CH 3 protons, and the appearance of a singlet (2H) at δ = 9.5 -9.8 ppm for carboxylic (OH) protons which are exchangeable with D 2 O.
Cyclization of the tetrapeptides 6a -e with Llysine methyl ester by different methods afforded the corresponding cyclic pentapeptide esters 7a -e. Also, tetrapeptides 6a were cyclized with aliphatic diamines in the presence of ethyl chloroformate (mixed anhydride method) or in the presence of DCC (Method B) to afford the corresponding cyclo-(N α -dipicolinoyl)-bis[L-Leu-DL-Nva]-aliphatic diamine 8a, b (Scheme 3). The IR and 1 H NMR spectra of 7 supported the presence of the ester group by the observation of a band in the region 1753 -1740 cm −1 ν (C=O) and the presence of a singlet (3H) at δ = 3.6 -3.7 ppm for ester-CH 3 . Also, the IR spectra of 8 showed the absence of ν (C=O, acid), and the 1 H NMR spectra revealed the disappearance of the singlet (2H) at δ = 9.5 -9.8 ppm for the carboxylic protons.
Finally, the methyl groups of the L-Lys-OMe esters of the cyclic pentapeptides 7a -e were converted to carboxylic acid groups or hydrazides. Hydrolysis of the pentapeptide methyl ester derivatives 7a -e with 1 N sodium hydroxide in methanol afforded the corresponding acid derivatives 9a -e. Also, hydrazinolysis of 7a -e with hydrazine hydrate in methanol afforded the corresponding cyclic pentapeptiedie hydrazide derivatives 10a -e (Scheme 4). The IR spectra of 9 showed the absence of ν (C=O, ester) and the presence of a band at 1738 -1726 cm −1 for ν (C=O, acid). The IR spectra of 10 showed the NH stretching vibrations of the amide and hydrazide groups as a broad band centered at 3370 -3335 cm −1 . 
Experimental
Melting points were determined in open glass capillary tubes with an "Electro Thermal" Digital melting point apparatus, (model: IA9100) and are uncorrected. Elemental micro-analysis for carbon, hydrogen and nitrogen (Microanalytical Unit, NRC) was found within the acceptable limits of the calculated values. Infrared spectra (KBr) were recorded on a Nexus 670 FTIR Nicolet, Fourier Transform infrared spectrometer. Proton nuclear magnetic resonance ( 1 H NMR) spectra were run in [D 6 ]DMSO on Jeol 270 MHz or 500 MHz instruments. Chemical shifts δ are given in ppm. Mass spectra were run on a MAT Finnigan SSQ 7000 spectrometer, using the electron impact technique (EI). Analytical thin layer chromatography (TLC) was performed on silica gel aluminum sheets, 60 F 254 (E. Merck). The final compounds were purified on manually prepared silica gel glass plates using Fluka silica gel GF 254 , with 13 It is generally known that basic reaction media enhance racemization. However, under the reaction conditions employed in this work, especially short reaction times and temperatures below 0 • C, only negligible racemization was observed.
Synthesis of N α -dipicolinoyl-bis[amino acid methyl esters] 3a -c
Method A: acid chloride method 2,6-Pyridinedicarbonyl dichloride (2) [27] (0.02 g, 1 mmol) was added drop by drop to a cold (−15 • C) and stirred dichloromethane solution (20 mL) of the corresponding free amino acid methyl ester (2 mmol), obtained by the addition of an equivalent amount of N-methylmorpholine (0.3 mL) to the amino acid methyl ester hydrochloride in stirred and cold (−15 • C) dichloromethane (20 mL). The reaction mixture was stirred for additional 3 h at the same temperature, then for 12 h at room temperature, washed with water, 1 N sodium bicarbonate, 1 N potassium hydrogen sulfate and water, and then dried over anhydrous sodium sulfate. The solvent was evaporated under reduced pressure to dryness, and the obtained residue was solidified by trituration with n-hexane. The obtained solid was filtered off and crystallized from ethanol to give the esters 3a [28] and 3b, c, respectively.
Method B: mixed anhydride method
Ethyl chloroformate (0.2 mL, 2 mmol) was added to a stirred and cold (−15 • C) solution of 2,6-pyridinedicarboxylic acid (1) (0.17 g, 1 mmol) and N-methylmorpholine (0.2 mL, 2 mmol) in dichloromethane (20 mL). The reaction mixture was stirred for additional 10 min, then the free amino acid methyl ester (2 mmol), dissolved in dichloromethane (20 mL, −15 • C) was added. Stirring was maintained for 3 h at −15 • C, then for 12 h at room temperature. The reaction mixture was then washed with water, 1 N sodium bicarbonate, 1 N potassium hydrogen sulfate and water, and dried over anhydrous sodium sulfate. The solvent was evaporated to dryness, and the obtained oily residue was solidified by trituration with n-hexane. The obtained solid was collected by filtration and crystallized from ethanol-n-hexane to give esters 3a [28] 
Synthesis of N α -dipicolinoyl-bis[amino acids] 4a -c
To a stirred and cold methanolic solution (−5 • C, 20 mL) of the corresponding dipeptide ester 3a -c (1 mmol), 1 N sodium hydroxide (25 mL) was gradually added. The reaction mixture was stirred for 2 h at the same temperature, then for 3 h at room temperature. The solvent was concentrated under reduced pressure, and the remaining aqueous solution was cooled and acidified with 1 N hydrochloric acid to pH ∼ 3. The obtained solid was filtered off, washed with water, dried and crystallized from ethanol-water to give the corresponding dipeptides 4a [28] 
Synthesis of N α -dipicolinoyl-bis[dipeptide methyl ester] derivatives 5a -e by the mixed anhydride method
Ethyl chloroformate (0.2 mL, 2 mmol) was added to a stirred and cold (−15 • C) dichloromethane solution (20 mL) of the corresponding N α -dipicolinoyl-bis[amino acid] 4a -c (1 mmol), containing N-methylmorpholine (0.2 mL, 2 mmol). The reaction mixture was stirred for additional 10 min, then a cold dichloromethane solution (20 mL) of the free amino acid methyl ester of L-Leu, DL-Nva, or LPhe (2 mmol), was added. Stirring was maintained for 3 h at −15 • C, then for 12 h at room temperature. The reaction mixture was washed with water, 1 N sodium bicarbonate, 1 N potassium hydrogen sulfate and water, and dried over anhydrous sodium sulfate. The solvent was evaporated under reduced pressure to dryness, and the obtained oily residue was solidified by trituration with a dry ether-n-hexane mixture. The obtained solid was collected by filtration and crystallized from ethanol-n-hexane to give the corresponding esters 5a [29] and 5b -e, respectively. 
Synthesis of N α -dipicolinoyl-bis[dipeptide] derivatives 6a -e
To a stirred and cold methanolic solution (−5 • C, 20 mL) of the corresponding tetrapeptide ester 5a -e (1 mmol), sodium hydroxide (1 N, 25 mL) was gradually added. The reaction mixture was stirred for 2 h at the same temperature then for 3 h at room temperature. The solvent was distilled off under reduced pressure, and the remaining aqueous solution was cooled and acidified with 1 N hydrochloric acid to pH ∼ 3. The obtained solid was filtered off, washed with water, dried and crystallized from ethanol-water to give the corresponding tetrapeptides 6a [29] 
Synthesis of cyclo-(N α -dipicolinoyl)-bis-[dipeptide]-L-Lys-OMe (cyclic pentapeptide methyl esters) 7a -e

Method A: mixed anhydride method
Ethyl chloroformate (0.2 mL, 2 mmol) was added to a stirred and cold (−15 • C) dichloromethane solution (20 mL) of the corresponding N α -dipicolinoyl-bis[dipeptide] 6a -e (1 mmol), containing N-methylmorpholine (0.2 mL, 2 mmol). The reaction mixture was stirred for additional 20 min, then a cold (−15 • C) dichloromethane solution (20 mL) of the free L-lysine methyl ester (1 mmol) was added. Stirring was maintained for 3 h at −15 • C, then for 12 h at room temperature. The reaction mixture was washed with water, 1 N sodium bicarbonate, 1 N potassium hydrogen sulfate and water, and then dried over anhydrous sodium sulfate. The solvent was evaporated under reduced pressure to dryness, and the obtained oily residue was solidified by trituration with dry ether-n-hexane mixture. The crude product was purified by preparative thin layer chromatography using S 3 as eluent to give the corresponding cyclic pentapeptide methyl esters 7a [29] and 7b -e.
Method B: DCC method
A cold (−5 • C) tetrahydrofuran solution (20 mL) of the free L-lysine methyl ester (1 mmol) was added to a stirred dry tetrahydrofuran solution (−5 • C, 20 mL) of the corresponding N α -dipicolinoyl-bis[dipeptide] 6a -e (1 mmol). Dicyclohexylcarbodiimide (0.42 g, 2 mmol) was then added in portions to the reaction mixture over 20 min at the same temperature. Stirring was maintained for 20 h at room temperature. The reaction mixture was then diluted with acetonitrile (20 mL), and the formed dicyclohexylurea was filtered off and washed with acetonitrile (2 × 10 mL). The filtrate was kept in the refrigerator overnight, and the newly formed dicyclohexylurea was then filtered off. Tetrahydrofuran was evaporated to dryness, and the obtained residue was dissolved in dichloromethane, washed with 1 N sodium bicarbonate, 1 N potassium hydrogen sulfate and water, and then dried over anhydrous sodium sulfate. The solvent was evaporated to dryness, and the obtained oily residue was solidified by trituration with dry ether-n-hexane mixture. In case of 7c and 7d, the obtained solid was collected by filtration and crystallized from ethanol-n-hexane, while for 7a, b and e, the crude products were purified by preparative thin layer chromatography (S 3 ). The cyclic pentapeptide methyl esters 7a -e were identified by melting point and TLC in comparison with authentic samples prepared according to method A.
Method C: active ester method
To a stirred cold (−5 • C) dry tetrahydrofuran solution (20 mL) of N α -dipi-colinoyl-bis-[L-Leu-DL-Nva] (6a) (0.59 g, 1 mmol) containing N-hydroxysuccinimide (0.24 g, 2 mmol), dicyclohexylcarbodiimide (0.42 g, 2 mmol) was added to the reaction mixture in portions over 20 min at the same temperature. Free L-lysine methyl ester (1 mmol) was then added. Stirring was maintained for 20 h at room temperature. The reaction mixture was then diluted with acetonitrile (20 mL), and the formed dicyclohexylurea was filtered off and washed with acetonitrile (2×10 mL). The filtrate was kept in the refrigerator overnight, and the newly formed dicyclohexulurea was filtered off. Tetrahydrofuran was evaporated to dryness, and the obtained residue was dissolved in dichloromethane, washed with 1 N sodium bicarbonate, 1 N potassium hydrogen sulfate and water, and then dried over anhydrous sodium sulfate. The solvent was evaporated to dryness, and the obtained oily residue was solidified by trituration with dry ether-n-hexane mixture. The crude product was purified by preparative thin layer chromatography (S 3 ) to give the corresponding cyclic pentapeptide methyl ester 7a as identified by melting point and TLC in comparison with an authentic sample prepared according to method A.
Method D: azide method
To a stirred methanolic solution (20 mL 
(5a) (1.24 g, 2 mmol), anhydrous hydrazine hydrate (0.7 mL, 20 mmol) was added. The reaction mixture was refluxed for 3 h, after which the solvent was evaporated. The obtained residue was triturated with ether, filtered off and crystallized from methanol-ether to afford the corresponding dihydrazide derivative (yield 80 %, m. p. 130 -132 • C). A cold mixture (−15 • C) of the dihydrazide derivative (0.62 g, 1 mmol) in hydrochloric acid (6 N, 2 mL) and glacial acetic acid (1 mL) was stirred for 10 min, then an aqueous solution of sodium nitrite (5 M, 2 mL) was added. Stirring was maintained for 30 min at the same temperature, after which the reaction mixture was extracted with ether (60 mL), washed with cold water, 5 % sodium bicarbonate and water, and then dried over anhydrous sodium sulfate. The cold ethereal azide solution (−15 • C) was added to free L-lysine methyl ester (1 mmol). Stirring was maintained for 5 h at the same temperature, then for 20 h at room temperature. The reaction mixture was washed with water, 5 % potassium hydrogen sulfate and water, and then dried over anhydrous sodium sulfate. Ether was evaporated to dryness, and the obtained oily residue was solidified by trituration with a dry ether-n−hexane mixture. The crude product was purified by preparative thin layer chromatography (S 3 ) to give the corresponding cyclic pentapeptide methyl ester 7a as identified by melting point and TLC in comparison with an authentic sample prepared according to method A. 
Synthesis of cyclo-(N
Method A: mixed anhydride method Ethyl chloroformate (0.2 mL, 2 mmol) was added to a stirred and cold (−15 • C) dichloromethane (20 mL) solution of N α -dipicolinoyl-bis-[L-Leu-DL-Nva] (6a) (0.59 g, 1 mmol) containing N-methylmorpholine (0.2 mL, 2 mmol). The reaction mixture was stirred for additional 20 min, then a cold dichloromethane solution (20 mL) of 1,4-diaminobutane (0.09 g, 1 mmol) or 1,6-diaminohexane (0.12 g, 1 mmol) was added. Stirring was maintained for 3 h at −15 • C, then for 12 h at room temperature. The reaction mixture was washed with water, 1 N sodium bicarbonate, 1 N potassium hydrogen sulfate and water, and then dried over anhydrous sodium sulfate. The solvent was evaporated to dryness, and the obtained oily residue was solidified by trituration with a dry ether-n-hexane mixture. The crude product was purified by preparative thin layer chromatography using (S 3 ) as eluent to give the corresponding cyclic derivatives 8a,b.
Method B: DCC method
A cold (−5 • C) tetrahydrofuran solution (20 mL) of 1,4-diaminobutane (0.09 g, 1 mmol) or 1,6-diaminohexane (0.12 g, 1 mmol) was added to a stirred dry tetrahydrofuran solution (−5 • C, 20 mL) of N α -dipicolinoyl-bis[L-Leu-DL-Nva] (6a) (0.59 g, 1 mmol). Dicyclohexyl-carbodiimide (0.42 g, 2 mmol) was then added to the reaction mixture, in portions, over 20 min at the same temperature. Stirring was maintained for 20 h at room temperature. The reaction mixture was then diluted with acetonitrile (20 mL), and the formed dicyclohexylurea was filtered off and washed with acetonitrile (2 × 10 mL). The filtrate was kept in the refrigerator overnight, and the newly formed dicyclohexylurea was filtered off. Tetrahydrofuran was evaporated to dryness, and the obtained residue was dissolved in dichloromethane, washed with 1 N sodium bicarbonate, 1 N potassium hydrogen sulfate and water, and then dried over anhydrous sodium sulfate. The solvent was evaporated to dryness, and the obtained oily residue was solidified by trituration with dry ether-n-hexane mixture. The obtained solid was collected by filtration and crystallized from ethanol-n−hexane to give the cyclic derivatives 8a,b as identified by melting point and TLC in comparison with authentic samples prepared according to method A. 
Synthesis of cyclo-(N α -dipicolinoyl)-bis [dipeptide]-L-Lys(cyclic pentapeptides) 9a -e
To a stirred and cold methanolic solution (−5 • C, 20 mL) of the corresponding cyclic pentapeptide methyl ester 7a -e (1 mmol), sodium hydroxide (1 N, 25 mL) was gradually added. The reaction mixture was stirred for 2 h at the same temperature, then for 3 h at room temperature. The solvent was distilled off under reduced pressure, and the remaining aqueous solution was cooled and acidified with 1 N hydrochloric acid to pH ∼ 3. The obtained solid was filtered off, washed with water, dried and crystallized from ethanol-water to give the corresponding cyclic pentapeptides 9a -e.
